Introduction
cross-react with similar proteins in plant extracts (Levine et al., 1994; Dwyer et al., 1996) . AOS-producing neutroPart of plant defense responses to pathogen and environphils and sea urchin eggs also contain a calmodulinmental stresses is an oxidative burst reaction that generates dependent NAD kinase (Epel et al., 1981 ; Williams and active oxygen species (AOS) such as H 2 O 2 and superoxide Jones, 1985) which catalyzes the conversion of NAD to (reviewed by Mehdy, 1994; Low and Merida, 1996) . AOS NADP, and is proposed to contribute to the supply production is proposed to be involved in several responses of NADPH for the oxidase. Calcium-and calmodulinto these stimuli such as cell wall lignification (Halliwell, dependent NAD kinase is widely distributed in plants 1978), cross-linking of cell wall proteins (Bradley et al., (reviewed in Roberts and Harmon, 1992) , but its biological 1992; Brisson et al., 1994) and the expression of defense function has remained obscure. Its potential role during response genes (reviewed by Lamb, 1994) , and has been the oxidative burst response in plants has not yet been proposed to be a key signal co-ordinating these various evaluated. responses (Chen et al., 1993; Levine et al., 1994; Price We report here that AOS levels are enhanced in transet al., 1994) . Several studies have implicated calcium genic plants that express a foreign, synthetic gene-derived fluxes in plant defense signaling pathways (Nürnberger calmodulin that hyperactivates NAD kinase. By using cell et al., 1994; reviewed in Bush, 1993; Ebel and Cosio, cultures derived from these plants, we further report that 1994; Mehdy, 1994) . Intracellular calcium reporters show they exhibit a higher AOS burst reaction as well as an that cytoplasmic free calcium increases following mechanical or elicitor stimulation (Knight et al., 1991 (Knight et al., , 1992  enhanced burst of NADPH production in response to Western blot analysis of steady-state calmodulin levels in suspension cell cultures. Extracts (10 μg protein/lane) were resolved by SDS-PAGE on 15% (w/v) polyacrylamide gels (Laemmli, 1970) in the presence of 1 mM EDTA and transferred (150 mA for 12 h) onto PVDF membranes. Western blot analysis was done with anticalmodulin antibodies by using a chemiluminescent protocol as described in Materials and methods. (A) Extracts of 3-day-old suspension cell cultures of tobacco from NC cells, (lanes 1 and 3) and VU-3 cells, (lane 2). Each lane was loaded with 10 μg of soluble extract protein. VU-3 calmodulin shows slower mobility than the endogenous tobacco calmodulin . ( plant defense responses and the proposed role of calcium as a signal in mediating these responses, we investigated further changes in AOS and nicotinamide co-enzymes in several environmental and elicitor stimuli, providing initial response to treatments that elicit AOS production. evidence that NAD kinase may play a metabolic role in plant defense.
Generation of cell suspension cultures of transgenic tobacco lines

Results
To allow facile manipulation and rapid detection of responses to various stimuli, stable cell suspension cultures NADPH and AOS levels are elevated in transgenic tobacco expressing VU-3 calmodulin were established from various transgenic and control tobacco lines. Cell cultures were generated from several In previous work, we generated transgenic tobacco plants that express calmodulin derived from a synthetic gene transgenic lines containing either the VU-3 calmodulin transgene or transformed with a (Roberts et al., 1985) under the control of the cauliflower mosaic virus (CaMV) 35S promoter .
negative control (NC) construct (Zhang and Roberts, 1995) . To eliminate the possibility of positional effects, One set of transgenic plants was generated that expresses a calmodulin mutant (VU-3) with a lysine to arginine 115 cell suspensions generated from different VU-3 plant lines were evaluated in this study. Similar phenotypes were substitution. This calmodulin is normal in all respects except that it is not able to be trimethylated post-translaobserved, and for the sake of convenience the data below are presented from results of representative VU-3 and NC tionally at Lys115 . Trimethylation attenuates the ability of calmodulin to activate calmodulincell lines. Both cell lines showed similar growth kinetics, which were essentially indistinguishable from the growth dependent NAD kinase in vitro (Roberts et al., 1986b) . As a result, VU-3 calmodulin, which is incapable of rates of cultures of untransformed tobacco (data not shown). methylation, hyperactivates NAD kinase (Roberts et al., 1986b) . Thus, the introduction of VU-3 calmodulin into
The expression levels of foreign VU-3 and endogenous tobacco calmodulins were investigated by Western blot plant tissues circumvents potential control by methylation and may result in a hyperactivation in vivo of NAD kinase.
analysis (Figure 2 ). VU-3 calmodulin possesses slight differences in sequence that result in differential mobility Consistent with this proposal, analyses of leaf tissues of transgenic VU-3 plants showed 4-fold higher levels of on SDS-PAGE compared with tobacco calmodulin . Thus, its expression can be assessed NADPH than normal controls ( Figure 1A ), whereas the sum total of all nicotinamide co-enzymes did not differ separately and compared with endogenous tobacco calmodulin. Consistent with this, VU-3 cell lines showed a substantially between the plant samples (data not shown). This argues that the changes are due to a shift in nicotinsecond immunoreactive band characteristic of the foreign calmodulin, whereas NC control cells showed only one amide co-enzyme levels through the greater production of NADPH and could reflect a higher endogenous activation band characteristic of tobacco calmodulin ( Figure 2A ). Quantitation showed that total calmodulin levels (the sum of NAD kinase.
Further analysis of the leaves of the transgenic plants of endogenous and VU-3 calmodulin) are 2-fold higher (200 pmol/mg protein) in VU-3 cells than in NC cells ( Figure 1B) show that H 2 O 2 levels were at least 2-fold higher in leaf tissue of VU-3 transgenic plants compared (100 pmol/mg protein). Thus, expression levels in the suspension cultures are elevated to an extent similar to that with control tobacco plants ( Figure 1B) . Thus, in addition to elevated NADPH, VU-3 plants show elevated H 2 O 2 found with VU-3 transgenic plants . Figure 3A ). This suggested that under the conditions of this assay, the VU-3 cells showed a higher basal a Basal, untreated cell suspensions in flasks (n ϭ 3); cellulase, cells evolution of H 2 O 2 . However, previous work (Legendre treated with 5 μg of cellulase/ml suspension (n ϭ 3); Pseudomonas, Yahraus et al., 1995) has shown that mechan- was very low in VU-3 cells ( Figure 3B ). However, upon mechanical stimulation of the cells by stirring, a 10-to 15-fold enhancement in the rate of AOS production was observed ( Figure 3B ). NC control cells exhibited a much weaker response to stirring, and no H 2 O 2 was detected in the absence of stirring ( Figure 3C ). Thus, the VU-3 cells appear to be more sensitive to mechanical stimulation, and responded by producing a more rapid and intense release of H 2 O 2 . Consistent with this interpretation, other stimuli, such as hypoosmotic stimulation (Table I) , that are proposed to cause a mechanical stimulation of the cells (Yahraus et al., 1995) , also show an enhanced response in VU-3 cells. cells induced a burst of AOS release ( Figure 4A ). However, while an AOS burst was detected in both cell types, the kinetics of the response differed substantially. In particular, cells ( Figure 4A ). In addition, the maximal AOS release rate was~2-fold higher in VU-3 cells ( Figure 4A and the onset of the burst was nearly instantaneous in VU-3 cells, while a lag of 6-10 min was observed with NC Table I ). a (ϩ): 0.1 U of exogenous horseradish peroxidase/ml suspension was included during the assay, (-): fluorescence decrease in the absence of added peroxidase. b The changes in pyranine fluorescence were monitored in a fluorimeter cuvette as described in Materials and methods. AOS production was stimulated by addition of 5 μg of cellulase/ml suspension. Cell suspensions were used 3-5 days after transfer to fresh media. Values represent the means and (standard error) of three independent determinations. fluorescence, VU-3 cells also show higher consumption of non-respiratory oxygen upon harpin or cellulase treatments (Table III) . Other molecules and microbes that elicit plant defense responses were also tested for their ability to trigger AOS release in VU-3 and NC control cells. The purified elicitor Nicotinamide co-enzyme changes during the induction of AOS production protein harpin from Pseudomonas syringae pathovar 61 (He et al., 1993) showed results similar to those obtained Since VU-3 calmodulin hyperactivates NAD kinase in vitro (Roberts et al., 1986b) , and because this enzyme has been with cellulase ( Figure 4B ), with VU-3 cells showing a faster rate and a quicker onset of AOS release than NC implicated in nicotinamide fluxes preceding oxidative burst reactions in other systems (Epel et al., 1981) , this cells. VU-3 cells also showed a more enhanced response upon actual infection by P.syringae pathovar 61 (Table I) .
VU-3 cells show enhanced AOS production upon
enzyme is a logical target that may be activated during the oxidative burst of plant cells. Analysis of tobacco cell Overall, the data show that VU-3 cells exhibit an enhanced AOS release response to all stimuli tested (Figures 3 and extracts shows that virtually all detectable NAD kinase activity is calcium and calmodulin dependent ( Figure 5 ). 4 and Table I) .
Consistent with the endogenous activation of NAD kinase, cellulase treatment of VU-3 tobacco cells results in a Enhanced responses of VU-3 cells are paralleled by an enhanced oxygen uptake rapid increase in the sum total (reduced and oxidized) NADP co-enzyme pool and a concomitant decrease in The pyranine assay for AOS is based on H 2 O 2 -dependent, cell wall peroxidase-catalyzed destruction of the fluorestotal NAD co-enzymes ( Figure 6A ). The NADPH pool size increases 4-fold within 3 min of treatment (Figure cent dye (Apostol et al., 1989) . To firmly establish that differences observed between VU-3 and NC cells are due 6B). Similar to the results with whole plants (Figure 1 ), steady-state levels of NADPH in NC cells were lower to the rate of H 2 O 2 evolution and not to differences in extracellular peroxidases, two approaches were taken.
than those in VU-3 cells. However, cellulase treatment also resulted in an increase in NADPH in these cells First, it was found that addition of excess horseradish peroxidase to VU-3 and NC cells did not influence the ( Figure 6B ), although the magnitude was less and the rate of increase was slower (peaking at 6 min rather than rate of pyranine ΔF (Table II) , suggesting that the levels of AOS, and not the level of peroxidases, are the rate-3 min). During the time course of these experiments, there were no detectable changes in the cellular levels of NAD limiting steps. Second, the oxidative burst reaction was assayed by monitoring a different parameter, the uptake kinase. Thus, the increase in NADP co-enzymes appears to result from enzyme activation (presumably by calmodulin) of O 2 (Table III) . The reduction of O 2 to O 2 -and other AOS species during the oxidative burst results in an rather than a change in enzyme levels. These differences in the rate and levels of NADPH enhanced O 2 uptake (Dwyer et al., 1996) . Consistent changes are consistent with the differences in the rate and magnitude of AOS release in these cell types, and argue that the activation of NAD kinase may be necessary for providing NADPH reductant for AOS production, similar Auh and Murphy, 1995) , and the release of of analyses of three independent biological samples.
AOS exhibited in VU-3 and NC tobacco cells is abolished by micromolar DPI levels (data not shown). If NADPH is the principal reductant used for AOS production by an was paralleled by an enhanced basal level of NADPH as well as a more rapid and higher accumulation of NADPH oxidase, one prediction is that DPI inhibition would decrease not only AOS production but also the flux of when challenged with a stimulus. Overall, the data provide strong evidence for a role for calmodulin and NAD NADPH through the oxidase enzyme.
Consistent with this, treatment of cells with DPI results kinase in metabolic changes associated with plant defense responses. in an accumulation of NADPH levels whereas NADH levels are unaffected (Figure 7 ). This argues that the flux The introduction of gene products with modified protein sequences that result in dominant phenotypes has been an of electrons for AOS production proceeds through an NADPH-dependent pathway and that when this pathway important and powerful approach for elucidating the components of signal transduction pathways. The strength is inhibited, NADPH accumulates in cells. Overall, the data suggest that NADPH levels are elevated rapidly of the present approach is that VU-3 calmodulin functions normally as a calmodulin and selectively shows one defect, through the activation of NAD kinase in stimulated cells and that the AOS-generating system in these cells preferenthe inability to be trimethylated post-translationally at residue 115 by the endogenous calmodulin N-methyltranstially utilizes NADPH as a reductant.
ferase (Roberts et al., 1986b; Oh and Roberts, 1990) . Endogenous plant calmodulin is found in mature tissues Discussion in a largely trimethylated form (Roberts and Harmon, 1992) . Trimethylation does not affect most calmodulin In the present study, a calmodulin (VU-3) which hyperactivates NAD kinase was used to evaluate the hypothesis activities but attenuates plant NAD kinase activation in vitro (Roberts et al., 1986b) . In contrast, VU-3 calmoduthat activation of calmodulin-dependent NAD kinase is part of the early responses of plants to environmental, lin hyperactivates NAD kinase to a level that is 4-fold higher than trimethylated calmodulin (Roberts et al., microbe and elicitor stimulation. Further, this calmodulin was used to determine whether, similarly to certain animal 1986b). Thus, the use of VU-3 transgenic plants allows us to circumvent control by methylation and selectively cell models, enhanced NADP(H) production helps potentiate the generation of active oxygen species. In support of evaluate the contribution of NAD kinase to plant responses. The fact that most calmodulin isolated from plant tissues this proposal, we found that tobacco tissue expressing VU-3 calmodulin shows an enhanced ability to produce is highly methylated at Lys115 and that this selectively attenuates NAD kinase activation has led to the proposal H 2 O 2 , as reflected by a quicker onset and more intense release, in response to all stimuli tested. This response that this post-translational modification may have a regu-latory function (reviewed in Roberts and Harmon, 1992) . proteins follow mechanical stimulation (Braam and Davis, 1990; Galaud et al., 1993; Sistrunk et al., 1994) and heat Although most calmodulin isolated from plant tissues is largely methylated, calmodulin methylation appears to shock (Braam, 1992) , suggesting an up-regulation of these calcium signaling pathways. Additionally, another be subject to control, and can vary depending on the developmental state of the cells (Oh and Roberts, 1990;  calmodulin-dependent enzyme, glutamate decarboxylase (Ling et al., 1994; Baum et al., 1996) , appears to be Oh et al., 1992) . In light of the present results, it will be of interest to determine whether endogenous calmodulin regulated following mechanical stimulation leading to accumulation of γ-aminobutyric acid in plant tissues methylation modulates the level of NAD kinase activation, nicotinamide co-enzyme homeostasis and AOS production (Wallace et al., 1984) . Thus, while the approach taken in the present work has allowed us to focus on one calmodulin during development in wild-type cells.
Plant NAD kinase was the first calmodulin-dependent target, NAD kinase, it is likely that the regulation of multiple target proteins by calmodulin, as well as calciumenzyme to be detected in plant cells (Muto and Miyachi, 1977; Anderson and Cormier, 1978) , but its biological modulated proteins distinct from calmodulin, will be required for a co-ordinated defense response. role has remained uncertain (Roberts and Harmon, 1992) . The results of the present study provide evidence that NAD kinase may be among the targets of calmodulin in
Materials and methods
plant defense responses. In this regard, the results show some similarity to previous studies with NAD kinase and
Transgenic plants and cell cultures
Transgenic tobacco plants expressing VU-3 calmodulin (Roberts et al., nicotinamide co-enzyme homeostasis in sea urchin eggs.
1992) or a negative control construct (Zhang and Roberts, 1995) Fertilization of sea urchin eggs is accompanied by a (F 1 generation seed) were germinated on MS agar media containing calcium flux, followed by the conversion of 25-50% of hygromycin and transferred and grown under greenhouse conditions as cell NAD to NADP by a calmodulin-dependent NAD described previously . Cell suspension cultures were established from stem explants of 4-week-old tobacco seedlings kinase (Epel, 1964; Epel et al., 1981) . The resulting by using the protocol of Smith (1986) . Explants were cultured for 6-8 enhanced levels of NADPH are used as a reductant in an Similarly to sea urchin eggs, activated neutrophils also extracts have been shown to contain proteins that are
Calmodulin expression in suspension cells
immunologically related to the neutrophil NADPH oxidase Cells were harvested, frozen in liquid nitrogen and were ground and (Dwyer et al., 1996) and to have activities that are similar extracted in 4 volumes of 50 mM Tris-HCl, (pH 7.5), 50 mM NaCl, 10 to the oxidase (reviewed in Cross and Jones, 1991; mM Na-ascorbate, 0.5 mM EGTA, 2 μg/ml leupeptin, 0.3 μg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5% (w/v) Rubenstein and Luster, 1993; Mehdy, 1994; Low and polyvinylpolypyrrolidone (PVPP) . After centrifugation at 20 000 g for Merida, 1996) . The fact that higher levels of NADPH in 10 min at 4°C, the supernatant was removed and the pellet was retransgenic calmodulin cells lead to a more rapid and extracted with 300 μl of extraction buffer without PVPP. The protein intense burst of AOS supports the proposed involvement content of pooled extracts was determined by the procedure of Bradford of an NADPH oxidase. Further, we found that the AOS (1976) . The calmodulin concentration was determined by a chemiluminescent Western blot protocol with anti-calmodulin antibodies (Oh and burst in the tobacco cells can be inhibited by DPI, Roberts, 1990) . Following SDS-PAGE, gels were soaked for 15 min in an inhibitor which covalently modifies the flavoprotein transfer buffer (25 mM potassium phosphate, pH 7.0) and proteins were component of animal NADPH oxidases (Cross and Jones, transferred (150 mA for 12 h at 4°C) to polyvinylidene difluoride 1986). This is in agreement with previous reports that membranes as described by Hulen et al. (1991) . Proteins were fixed for 30 min in transfer buffer containing 0.2% (v/v) glutaraldehyde (Van DPI blocks elicitor induction of the oxidative burst in Eldik and Wolchok, 1984) and rinsed with phosphate-buffered saline soybean cells (Levine et al., 1994; Auh and Murphy, (PBS, 8 mM sodium phosphate, 1 mM potassium phosphate, pH 7.2, 1995; Dwyer et al., 1996; Murphy and Auh, 1996) . It was 0.14 M NaCl, 3 mM KCl). Membrane filters were blocked for 1 h in also reported that DPI inhibited a plasma membrane PBS, 10% (w/v) non-fat dry milk. The blots were washed in PBS and oxidase/peroxidase activity that utilizes NADH (Auh and were incubated with anti-calmodulin antibodies (1:1000 v/v) in PBS, 0.65 mM CaCl 2 , 1% (v/v) goat serum. The blots were washed three Murphy, 1995; Murphy and Auh, 1996) . However, in our times with PBS, 0.05% (v/v) Tween-20, and were incubated in 1:1000 studies, NADPH alone accumulated when the AOS burst ization of the plant plasma membrane oxidase, will clarify further whether the plant enzyme is similar to the animal abundance of mRNAs for calmodulin and calmodulin-like H 2 O 2 release in suspension cultures was quantitated by pyranine Apostol,I., Heinstein,P.F. and Low,P.S. (1989) Rapid stimulation of an fluorescence (Apostol et al., 1989 Galaud,J.-P., Lareyre,J.-J. and Boyer,N. (1993) Isolation, sequencing and NAD kinase from frozen tissue powders was extracted (4 ml/g tissue) analysis of the expression of Bryonia calmodulin after mechanical in 250 mM sucrose, 50 mM tricine-HCl (pH 7.8), 5 mM MgCl 2 , 0.5 perturbation. Plant Mol. Biol., 23, 839-846. mM EGTA, 2 μg/ml leupeptin, 0.3 μg/ml pepstatin, 1 mM PMSF and Halliwell,B. (1978) Lignin synthesis: the generation of hydrogen peroxide 10% (w/v) PVPP. Homogenates were centrifuged at 20 000 g for 10 and superoxide by horseradish peroxidase and its stimulation by min at 4°C and NAD kinase was assayed in 250 mM sucrose, 3 mM manganese (II) and phenols. Planta, 140, 81-88. ATP, 2 mM NAD, 5 mM MgCl 2 , 50 mM tricine-HCl (pH 7.8) by the He,S.Y., Huang,H.-C. and Collmer,A. (1993) Pseudomonas syringae pv. procedure of Roberts et al. (1985) . To determine the ratio of calcium/ syringae Harpin Pss : a protein that is secreted via the Hrp pathway calmodulin-dependent to independent activities, assays were done in 2.5 and ellicts the hypersensitive response in plants. 
